Green tribology is a new field of greatinterest to a large number of tribologists. This article reviews the latest advances in this area including energy conservation, emission reduction, super-low friction and super-low wear, wind turbines,smart coatings, and fundamentals. Moreover, an overview ofthe future development of green tribology is also presented.
Introduction
Since the term/area 'Green Tribology' was first advanced by the present author [1] [2] [3] and Jost put forward an important proposition, 'green tribology: a footprint where economies and environment meet' in his address to the 4th World Tribology Congress in 2009 [4] , this new field has been of great interest to tribologists. Inrecent years, not only have more and more related articles been published, but new worksdealingwith the fundamentals and applications of this subject were also published [5, 6] . Besides published work, some major international tribology conferences havealso stressed this theme. It is expected that green tribology will extend progress in many aspects. This article aims to give anoverview of the latest advances in green tribology since 2012 andoffuture developments inthis new area. However, the related contents of biotribology are not included.
Energy efficiency and emission reduction
At present, global warming is a severe challenge as more than 75% of energy is produced from fossil fuels [7] . The problem of global warming and finite fossilfuel supplies requires usto solve the problems ofenergy shortage, excessive consumption and greenhouse gas emission. Hence, improving the energy efficiency of resource use and reducing the emission of greenhouse gases are now very important issues in the world, especially for transportation and industry.
Ecological lubricants/fluids
Recently, Holmberg and coworkers [8] demonstrated the global impact of friction on energy consumption, environment and economy through two case studies on passenger cars and paper machines [9, 10] . The authors showed the amount of energy lost to overcome friction and how to improve the energy efficiency of mechanical systems. They concluded that the global fleet of passenger cars used 33% of their total fuel energy annually to overcome friction, and the paper machines on aglobal level used 9.2% of the total energy annually and 32% of the electrical energy of the paper machines to overcome friction. In total, 100 million TJ/a is annually consumed to overcome friction worldwide, which is contributing to the global emission with 7000 million tones of CO 2 annually.
Low-dimensional nano-materials with self-lubricating capability (such as MoS 2 , WS 2 , graphite, carbon nanotubes and so on) might be considered as potential anti-friction and wear additives for future engine oil application, owing to their unique size, shape, chemistry and structure morphology. In 2013, Erdemir [11] reviewed the latest research trends in 0 to 3D selflubricating nano-materials as potential oil additives and their prospects for commercial applications. He concluded that self-lubricating nano-materials with 0 to 3D structural architectures may hold great promise for further enhancing the anti-friction, -wear, and -scuffing performance of future lubricating oils.
Considering that the rare-earth fluoride in base oil has good extreme pressure, anti-wear and friction performance,the lanthanum fluoride (LaF 3 ), in particular, displayspromising applications as a lubrication additive. Zhang and coworkers [12] evaluated the tribological properties of LaF 3 nanoparticles with amodifier of oleic acid as a green oil additive in polyalphaolefin (PAO) under variable test conditions. It was proved that theLaF 3 nanoparticles added to PAO showed excellent tribological performances, such as theload-carrying capacity, frictionreduction and wear resistance. Liu and coworkers [13] investigated the effect of surface-modified nanometer LaF 3 (nanoLaF 3 ) on the tribological performance of biofuel soot (BS)-contaminated liquid paraffin (LP). It was found that the optimum content of nano-LaF 3 was 0.6 wt% in the LP with 2 wt% BS, and the nanoLaF 3 hadobviously improved not only the extreme pressure but also the anti-wear and friction properties of BS-contaminated LP.
The effects of bio-mass fuel soot particles (BS) on the tribological performance of liquid paraffin (LP) and fully formulated engine oil were investigated [14] . Also, the role of TiF 3 catalyst (0.5 wt%) on the tribological behaviors of BS-contaminated engine lubricating oil was studied. It was found that low contents (1 wt% and 3 wt%) of BS could increase the anti-friction and wear properties of lubricating oils and the TiF 3 catalyst has animportant role to improve the tribological performance of contaminated lubricating oils. It could be attributed to the boundary lubrication film including carbon, titanium and fluorine active elements.
To develop a potential substitute for conventional lubricant additiveand improvethe oil-solubility of nanoparticles, calcium borate nanoparticles modified withan eco-friendly modifier lauric acid (CBLA) were prepared and discussed [15] . It was found that the CBLA hasgood tribological performance (wear resistance and friction reduction) in lubricating oil, and that a continuous anti-wear film was formed during the-sliding process, in which depositions and the tribilogical reaction products (such as B 2 O 3 , FeB, Fe 2 O 3 and CaO ) were contained.
Recent research indicatesthat ionic liquids (ILs) have good tribological properties both on themicro-and nanoscale [16, 17] . The lithium-based sym-triazine-and cyclotriphosphazene-functionalized ILs (L-C 3 N 3 and L-P 3 N 3 ) were synthesized and investigated as lubricant additives in multiply alkylated cyclopentanes (MACs) for steel/steel contact [18] . The results showed that these new ILs have excellent tribological performance (friction reduction and wear resistance) and high load-carrying capacity due to the high polarity-induced absorption and tribochemical reactions during sliding when they were used as lubricant additives for MACs.
Three imidazolium ILs incorporated with sulfonate-based anions were synthesized and the tribological behavior of these synthesized ILs as neat lubricants were investigated [19] . The results showed that the synthesized ILs have good tribological properties. It was concluded that the good lubricating behavior of the sulfonated-based ILs is attributed to the high adsorption ability of the anions, which can form effective physical adsorption protective films on the sliding metallic surfaces so as to reduce both friction and wear.
The tribological performance of bio-based room temperature ILs (RTILs) was investigated [20] . The authors considered that ILs, especially the RTILs, represented a new class of synthetic biolubricants, which (1) combine many of the advantages of the hybrid biolubricants and (2) show potential to solving many problems associated with both conventional and bio-based lubricants [21] . In this study, the experiments involved two eco-friendly anions (salicylate and benzoate) and two other anions: cyclohexane carboxylate and bis(trifluoromethylsulfonyl imide). Five cations were used, whichconsisted of one trihexyltetradecylphosphonium (P666,14) and four types of 1,3-alkylmethylimidazolium (Cx min). It was concluded that ILs, particularly the eco-friendly RTILs lubricants (P666,14 benzoate and P666,14 salicylate) represent a promising potential next step in the evolution of biolubricants. The ILs exhibited improved lubricity and excellent wear and corrosion resistance.
Kobayashi and coworkers [22] investigated the lubrication performance of ILlubricants for space mechanisms at high vacuum and low temperature. They studied two imidazolium-based ILs as sample lubricants, namely 1-ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl) amide (EMI-TFSA) and 1-hexyl-3-methyl imidazolium bis(trifluoromethylsulfonyl) amide (HMI-TFSA). It was found that the HMI-TFSA showed good lubrication performance, but could not be used at low temperature due tocrystallization. However, when HMI-TFSA wasmixed withEMI-TFSA, crystallization was prevented and it could be used at low temperature.
Although water has limited lubricity and load-carrying ability for lubrication, researchers of the VTT Technical Research Centre of Finlandrecentlydevoted themselvesto improvingwater lubrication by using-biomolecule additives [23] . Biomolecules were selected on the basis of their potential to adsorb on the surface and thus remain between the contacting surfaces, and reduce friction and wear. It was shown that biomolecules added to water gave a clear friction reduction.
Some of the biomoleculeadditives were promising alternatives for thelubrication of engineering materials (such as stainless steel), and the friction coefficient values were lower than the ones measured for mineral oil. It was concluded that there was clear potential for moving from oil lubrication towards water lubrication by using biomolecules as additives in water solution.
The anti-friction and anti-wear additivesusually used areorganic polar materials (such as fatty acids) in low concentration (1%-2%). Martin and coworkers [24] investigated the mechanism of friction reduction of unsaturated fatty acidadditives of a biodiesel, composed of a blend of fatty acid methylesters (FAMEs). It was observed that the presence of fatty acids as additives for biodiesel improved their lubricating properties at elevated temperature conditions and a protective lubricating tribochemical film was formed on the steel contact surface (figure 1). It was concluded that the basic mechanism of tribochemistry is due to a reticulation process.
The boundary and elastohydrodynamic lubricating behavior of pure glycerol and its aqueous formas green lubricants were studied [25] . The results were compared with those for rapeseed oil serving as a reference lubricant. It was shownthat the lubricating behavior of glycerol for both elastohydrodynamicand boundary lubrication can be improved by adding water, and forboth lubricating regimesthere was an optimum amount of water which is beneficial for friction reduction. Moreover, it was found that the friction coefficient of the glycerol solutionwas substantially lower than that of rapeseed oil for elastohydrodynamic lubrication (more than three times lower) and for boundary lubrication (30%-50% lower) though the viscosity of theglycerol solutionwas higher than that of rapeseed oil. It was concluded that the lubricating properties of glycerol aqueous solutions are much better than those of rapeseed oil especially when the water content is below 20 wt%, and suggested that glycerol aqueous solutions have great potential to replace rapeseed oil as an environmentally friendly base oil.
Baxter and coworkers [26] presented thata hydrogenated styrene-diene (HSD) viscosity modifier with an optimized low temperature viscometric profile can offer fuel economy benefits in a range of viscosity grades without compromising durability performance.
The tribological performance of the leaf-surface wax from two desert plants, Ammopiptanthus mongolicus (AM) and Reaumuria soongorica (RS), was investigated [27] , as a lubricant additive in polyalphaolefin (PAO) for steel/steel contact. It was shownthat the leaf-surface wax of desert plants (AM and RS) can reduce the friction and wear of steel/steel friction pairs compared with PAO containing molybdenum dithiocarbamate (MoDTC) additives. Moreover, the AM-containing lubricantachieved the lowest friction coefficient (0.068).
Green solid lubricantsarea new class of powder lubricants consisting of lamellar crystal structures with low interlayer friction, which includeboric acid (H 3 BO 3 ), hexagonal boron nitride (hBN), molybdenum disulfide (MoS 2 ) and tungsten disulfide (WS 2 ) [28] . Boron nitride is a highly refractory material and is also environmentally friendly and inert to chemicals [29] .
Recently, the effect of boron nitride particle size on the tribological performance of canola oil-based lubricant mixtures was investigated [30] . It was revealed that the nanometer-sized particulate mixture outperformed micron-and submicron-sized particulate combinations in terms of friction and wear performance and provided a 90% smooth surface finish. Moreover, the tribological response of canola oil containing micron-or submicron-sized particles was significantly enhanced by the addition of nano-sized particles, where the friction and wear were reduced by 40% and 70%, respectively. Thismight be due to the size and spherical shape of the nano-sized particles so as to be able to better coalesce in the asperity valleys in comparison with the micron-and submicron-sized particles.
Hafis and coworkers investigated the properties of palm pressed fibre (PPF) for metal forming lubrication [31] . They focussed onpyrolysis experiments and evaluating the yield and functional properties of the oil produced. It was found that the viscosity of the oil decreased remarkably with an increase in temperature. The results showed that PPF oil can perform as effectively as existing lubricants like palm olein(PO), and it could be used as an alternative lubricant in cold work metal processes.
Syabrullail and coworkers [32] investigated the friction performance of palm olein as a plane strain extrusion lubrication. In this study, a palm oil product, refined, bleached and deodorized (RBD) palm olein, was used as a cold forward extrusion lubricant. The extruded material was pure aluminium A1100. The results showed that the extrusion process employing RBD palm olein as a lubricant had the lowest extrusion load compared to all additive-free paraffinic mineral oils, and that RBD palm olein resulted in low friction between the taper die and billet surface. Hence, it was concluded that RBD palm olein had the potential to be produced as an industrial metal forming lubricant.
Winter and coworkers [33] presented the use of ecologically benign lubricants as cutting and hydraulic fluids. They analyzed the usability and resulting technological and ecological consequences of water miscible biopolymers as a substitute, and confirmed the good performance of the polymer fluid as an optional ecologically benign lubricant for metal processing and hydraulic systems.
An experimental study was conducted to compare the newly developed HFO-1234yf (2,3,3,3-tetrafluoropopene) refrigerant with the existing harmful hydrofluorocarbon refrigerant, R134a (1,1,1,2-tetrafluorethane) refrigerant [34, 35] . It was found that the tribological properties (including scuffing resistance) under polyalkylene glycol (PAG)-starved lubricated conditions of HFO-1234yf was better than that of R134a. Moreover, it showedthe presence of fluorine elementin the case of HFO-1234yf refrigerant, and it might be proved that the presence of fluorine-containing tribolayers prevented metal-metal contact and sustained prolonged interface function.
Ecological tribo-technologies
An approach to reduce the power losses in an internal combustion engine (timing chain drive) was presented by Krappf and coworkers [36] . They used a parametric study with a multi-body simulation model. It was found that the power dissipation mainly resulted from the sliding contact between the chain and the tensioning guide. After optimizing the simulation model with the basic data, it showedan improvement to theeffi-ciency of 8.15% which was supported by experimental results.
Friction loss inside diesel engines is responsible for 20% energy loss of the total energy consumption. Most of the loss isdue to the piston ring/cylinder liner contact. Forest and coworkers [37] investigated the friction reduction properties of the parts in fuel and biofuel matrixes for steel/steel contact. Asignificant friction reduction was observedin the presence of B7 (a biofuel composed of a mixture of a diesel fuel with 7% of esters) and fatty acids at 100°C and there wasno visible wear owing to the formation of an insulating film with heterogeneous film.
Low-temperature ion sulfurizing (LTIS) technology was introduced [38] . This technology did not use any toxic liquids and can minimizethe risk of explosion of gas sulfurizing and the emission of various harmful gases during the sulfurizing process. The industrial applications of this technology in various typical tribological components were reviewed.
More recently, in order to improve energy efficiency and to reduce emission in materials processing industries, Argonne National Laboratory [39] has developedultra-fast boriding usinga simple electrochemical cell, whichoperated at a high current density (50-700 mA cm −2 ) and low voltage (1-15 V). The main ingredients of the molten electrolyte for the cell were borax (70-90 wt% Na 2 B 4 O 7 ) and sodium carbonate (10-30 wt% Na 2 CO 3 ). Instead of 8-12 h in pack boronizing, the same coating thickness was obtained in 15 min in the ultra-fast process at atemperature above 750°C. The diffusion of boron led to the formation of a boron-enriched layer on the surface. The boronized surface layer contained precipitates of chromium boride and nickel boride. A micro-hardness of 2000 HV was obtained on the plasma-borided surface.
Diamond-like carbon (DLC) coatings could provide low friction and wear in tribological components, but their chemical reactivity with oil additives is poor and the high-SAPS (sulphuric ash, phosphor and sulphur) additives will be phased out in the near future for environmental reasons. Kalin and coworkers [40, 41] presented and developedexcellent lubrication performance by combining self-mated DLC coatings and inorganic multi-wall MoS 2 nanotubes, mixed as additives into polyalphaolephin (PAO) oil. It was found that the addition of MoS 2 nanotubes to PAO oil significantly improved the friction behavior for DLCcoated and steel surfaces. Moreover, it was revealed that by using the nanotube-containing lubricant for DLC-coated contacts, the friction was reduced by up to 50%, compared to using only base PAO oil, and by up to 30%, compared to steel/steel contacts lubricated with the same nanotube-containing oil. The reduction of friction was based on the presence of a MoS 2 nanotube-based tribofilm in the contact. The resultsshowed that the combination of MoS 2 nanotubes and DLC coatings could provide a novel and green lubrication solution.
Kalin discussed different approaches of designing DLC interfaces to achieve effective green boundary lubrication [42] . Particularly, he focused on the wettability mechanisms of DLC coatings, and the adsorption mechanisms of alcohols and fatty acids on various DLC coatings. The results showed that not only the chemical aspects but also the physical aspects(in terms of viscosity and related chain lengths, and particularly thephysico-chemical characteristics at interfaces, namely wetting and slip) can play acrucial role intribological performance.
Nakase and coworkers [43] studied the tribological performance of the aluminium alloys (coated and uncoated) against bearing steel in environmentally acceptable lubricants (FALs) under mixed/boundary lubrication in comparison with a conventional tribosystem of steel/steel lubricated with mineral base hydraulic fluid. It was proved that the combination of the appropriateuncoated or coated aluminium alloys and commercially available EALs has a potential to compete withthe conventional tribo-system lubricated with mineral base hydraulic fluid and mixed/ boundary lubrication.
More recently, the tribological properties of nanocomposite coatings nc-(Ti, W) C/a-C (Al) were investigated bycomparisonto the reference coatings under PAO/DMTD lubricant [44] . It was revealed that this coating exhibited a so-called 'metal-reservoir' behavior, namely, this coating could firstly release Ti and then W with increasing the applied load and decreasing the use of additives. This result would be useful indesigningnanocomposite coatings operatingin lower viscosity oils and with reduced sulfur and phosphorous.
A novel hydrogenated amorphous carbon film with a self-organized dual nanostructure was investigated [45] . This film was deposited through unbalanced magnetron sputtering. A self-assembled crosslinking network combined with afullerene-like nanostructure was found. It was observed that the film exhibited extremely high elasticity, moreover, showed super-low friction and good wear resistance under vacuum.
3. Super-low friction and super-low wear 3.1. Super-low friction and superlubricity Up to now, many aspects of structural lubricity are still under debate, such as the exact circumstances under which a super-lubric state can actually be established [46] . However, a growing number of experimental studies already seem to corroborate its existence [47, 48] .
Hydrogen-containing amorphous carbon coatings (a-C:H) have proved their potential to reduce friction and wear, and can now be found in industrial application. In order to make clear the mechanism of super-low friction, frictional characteristics have been investigated onbearing steel friction pairs, two types of DLC coated with a-C:H and ta-C in the presence of 1-hexadecene and pure oleic acid, respectively [49] . It was found that the friction coefficient for ta-C lubricated with oleic acidshowed super-low friction of around 0.005 at aconstant sliding speed of 50 mm s
whereas that for a-C:Hshowed a higher value of around 0.045. Also, the tribochemical reactions showedthat ON groups terminated the ta-C surface whereas a-C:H was covered by a thin tribofilm and terminated by oleic monolayers. The super-low regime for ta-C was mainly attributed to the presence of OHtermination.
Kano and coworkers [50] investigated the properties of the ultra-low friction of DLC-coatingby carrying out sliding tests with a-C:H and ta-C coatings under lubricated conditions. The friction coefficient for self-mated ta-C under oleic acid lubrication showedultra-low friction of around 0.05 below sliding speed of 1 mm s whereas that for a-C:H showed ahigher value of around 0.045. On the other hand,a-C:H showed much higher values of 0.1 and 0.02 for each sliding speed range. It was concluded that the ultra-low friction property for ta-C at low sliding speed under the boundary lubrication regime seemed to be caused by forming low shear strength tribofilm.
Zhang studied the super-low friction of fullerenelike carbon films [51] . The bend tests showed that the super-low friction of fullerene-like carbon films with a fullerene-like structure was able to provide reliability for pressure in acommon rail fuel system, and able to save fuel by 1.5% and to reduce emission by 2%-5%.
Recently, Chen and coworkers [52] provided a systematic interpretation of thehydrogenation process with respect to the ion energy during deposition as the microstructure of a-C:H:Si film evolved from polymer-like to diamond-like to graphite-like. They emphasized that the friction performance of a-C:H:Si films strongly depended on the hydrogen content and the bonding structure, i. e., PLCH, DLCH or GLCH (figure 2). A threshold in hydrogen content at around 20 wt% seemed to be necessary for achieving superlow friction. However, amore stable and durable super-lubric state was feasible when hydrogen content was higher than 30 wt%, and anextremely low friction coefficient of around 0.001 in dry N 2 for polymerlike a-C:H:Si film.
The superlubricity behavior of sapphire ruby under phosphoric acid lubrication was investigated [53] . An ultra-low friction coefficient of 0.004 was obtained under a high contact pressure (2.57 GPa). It was found that the ultra-low friction was attributed to the formation of a hydrogen bond network on the stern layer induced by hydrogen ions. Moreover, the wear rate of the sapphire and ruby in the friction process was small and the superlubricity state was much morestable. The excellent friction properties implied the potential application of phosphoric acid solution in the lubrication of sapphire bearings under high pressure.
The hydrodynamic effect on the superlubricity of phosphoric acid between silicon nitride and sapphire was studied by Deng and coworkers [54] . It was found that the lubrication state was formed to change from boundary lubrication in the run-in period to elastohydrodynamic lubrication in the sperlubricity period, and during the sperlubricity period, an ultra-low friction coefficient of 0.003 was achieved. Later on, they studied the superlubricity with acid solutions [55] . The results showed that a water film with athickness of several nanometers was formed, which suggested that the hydrodynamic effect played a key role on the superlubricity. Moreover, the surface force balance also suggested that the hydration effect contributed to the superlubricity toa certain extent. Hence, they concluded that both the hydrodynamic and hydration effects contributedto thesuperlubricity of waterbased lubrication.
Zheng and coworkers [56] have developed a novel tribological technology based on a self-retracting motion phenomenon, and have observed the superlubricity phenomenon at the micro-scale for graphite and at the macro-scale for carbon nanotubes. Moreover, large-scale superlubricity was found to persist in ambient environment, in water and at high speed (up to 25 m s −1
) for highly oriented pyrolytic graphite. It is expected, the larger scale single-crystalline 2D material will play a key role in applications of superlubricity, such as in new lubricants [57] .
The friction behavior of acid solution between Si 3 N 4 and glass friction pairs at ambient conditions was investigated [58] . It showed that the hydrogen ions in aqueous solution could reduce friction by atribo-chemical reaction occurring between hydrogen ions and surfaces in therun-in process. The low friction state was attributed to theelectrical double layer effect and thehydration layer effect on the positive charged surfaceto the tribochemical reaction. Moreover,superlubricity with an ultra-low friction coefficient of about 0.004 was realized in the run-in process of H 3 PO 4 (pH=1).
The tribological performance of a biological lubricant between quartz surfaces was investigated [59] . This lubricant was extracted from an aquatic plant, namely Brasenia schrehheri (BS). An ultra-low friction coefficient (0.004-0.006) was obtained. It was observed that the mucilage surrounding BSis comprised of polysaccharide gel with alayered structure called nanosheets. Moreover, it was found that the ultra-low friction state only occurred during the adsorption layer formed stably between the quartz surface and BSmucilage, and the superlubricity was closely dependent upon the particular structure of BSmucilage and water molecules in mucilage. The authors deduced that the ultra-low friction was possiblyattributed to the adsorption layer of polysaccharide on the quartz surface and the formation of hydration layers between surfaces of the polymer nanosheets with plenty of water molecules.
Recently, some researchers were interested to investigate the environmental effects of the super-low friction of carbon nitride coatings in various gaseous environments [60, 61] .
Super-low wear and 'zero-wear' effect
Polytetrafluoroethylene (PTFE) is a good solid lubricant due to its low friction, chemical inertness, high melting point and vacuum compatibility, but its low wear resistance limits its industrial application. However, this polymeric composite could increase its wear resistance by a staggering 5000 times using a strengthening approach with a few volume percent a-alumina [62, 63] . This ultra-low wear regime of PTFE is consistently paired with the presence of a thin tribofilm at the sliding interface between the bulk composite and the counterface [64] . Pitenis and coworkers [65] investigated this tribofilm and the environmental conditions that promoted ultra-low wear in PTFE nanocomposites. It was found that the ultra-low wear behavior of the PTFE nanocomposites studied was partially dependent upon the environment and a favorable balance between the rates of tribofilm formation and removal, and was related with the thickness of the transfer film. The results showed Figure 2 . Hydrogen dependence of friction performance of ion vapor deposited a-C:H:Si films tested in humid air (25% RH), dry N 2 and dry H 2 (40%)-He (60 vol%) mixture gas. The PLCH, DLCH and GLCH represent 'hydrogenated polymerlike carbon', 'hydrogenated diamond-like carbon' and 'hydrogenated graphite-like carbon', respectively. Reproduced with permission from [52] .
that the tribochemical reactions among the polymer nanocomposite, steel counterface and the environment were responsible for the ultra-low wear behavior of PTFE and alumina nanoparticles.
The 'zero-wear' effect or wearless effect was defined as one of the examples of self-organization in friction interaction in tribo-systems [66, 67] . It is implemented only when the plating film (protective tribofilm or servovite film) is formed on the friction surface spontaneously, and when the composition, structure and properties of which provide friction without really fixed friction wear with ultra-low friction coefficients [68] .
Recently, Kuzharov and coworkers [68] have discussed that the studiesof the chemical and tribological aspects of the 'zero-wear' effect during friction, and the research to improve the quality basis of some certified products of petrochemicals and oil refining used for friction reduction and wear resistance in movable parts of tribo-systems. They demonstrated that the progress in creating anew generation of functional materials for tribological purposes should be associated with profound and multi-sided research of the phenomenon, which is called friction,taking into consideration all the advances in modern science, including self-organization, the'zero-wear' effect and nanotechnology.
Ecological tribo-materials and tribotechnologies
4.1. Biomimetic and biological materials, and tribotechniques A general feasible approach to achieve hybrid hydrogels with dual-and multi-responsive characteristics in response to stimuli including pH and temperature was developed on the basis of mimicking the slippery mucus of fish skin [69] . It was found that the responsive hydrogels achieved performed better than fish skin, not only was an ultra-low coefficient of friction (COF) (near 0.05) obtained but multiple tunable COFs from ultra-low to ultra-high (1.2) were also discovered, by using sequential regulation of pH and temperature. This reversible, tunable feature in friction performance is likely to have significant impact on design of hydrogel-based actuation devices.
In order to improve the erosion resistance of tribocomponents, Han and coworkers [70] have investigated the erosion protection of the biomic functional surfaces inspired from desert scorpions (Androctonus australis), ananimal living in sandy desert. The functional surfaces used for sand erosion resistance of desert scorpion were found to be constructed by the special microtextures, such as humps and grooves, which exhibited better erosion resistance than the small surface.
More recently, nickel (Ni) films with positive and negative textured surfaces of lotus and rice leaf patterns were fabricated by Wang and coworkers [71] . It was found that the biomimetic textured surfaces were super-hydrophobic after perfluoropolyether (PFPE) treatment. The water contact angles (WCAs) on the surfaces are much larger (approximately 150 degrees) than those on the smooth Ni surface (65 degrees) ( figure 3) . The as-prepared biomimetic textured Ni films modified with PFPE showed low friction coefficient and high anti-wear properties.
In light of drag reduction and antifouling being a bottleneck problem in shipping, Bai and coworkers [72] made a simulation analysis on drag reduction performance of shell surfaces with antifouling ability. The results showed that the shell surface of Dasinia japonicaperformednot only withantifouling ability but alsowithgood drag reduction performance,-when their ribs were defined as triangular(V shape), rectangular (L shape) and scalloped (U shape).
A preliminary approach related the potential of banana leaves as effective lubricants for high temperature was presented by Chazali and coworkers [73] . It was observed that the existence of micro-bumps on most waxy banana leaves induced roughness that created hydrophobic surface, and with increased temperature and load, the micro-bumps were deteriorated, resulting in a more hydrophilic surface with formation of craters and shallow grooves on the adaxial sides. Thus the combination between the hydrophilic surface and the craters' existence made an attractive lubricant for aneffortless ironing job. The authors demonstrated that the banana leaf could be one of the best candidates for anti-friction materials, particularly for elevated temperature applications.
Recently, Pugno [74] reviewed his group's research results of recent years of four biological systems involvingmainly adhesion and friction: (1) Spider-silk anchorages. They calculated the breaking force based on the theory of multiple peeling [75] , and demonstrated the existence of a strong synergy between material and structure, particularly an optimal structural angle, andother related results. This suggested the feasibility of spider-silk-inspired robust anchorages. Also, spider-web-inspired robust civil structures were envisioned [76] . (2) Gecko feet. Smart adhesion was discussed with emphasis to the role of the theory of multiple peeling [75] , and of the related size-effects [77] in the design of macroscopic adhesive systems. (3) Lotus leaves. The crucial role of the surface hierarchical topology was discussed in order to activate fakir drops and thus a super-hydrophobic behavior. Lotus-inspired surfaces were designed and realized [78] , including additional smart features, such as the smart control of their wettability. (4).Graphene [79] . Nanoscale sliding was discussed and demonstrated the existence of two different regimes: friction/ stress-and fracture/force-dominated. The influence ofadhesion on graphene nanoscrolls was also discussed [80, 81].
Natural fibre composites
Towards the reduction of impendence on fossil fuels, natural or plant based materials arepotential alternatives toconventional synthetic materials. The properties of which are not only theirlight weight and low cost, but they are alsobiodegradableand recyclable [82] . Hence, the research and application of natural fibre polymeric composites for tribo-components have quickly developed.
The adhesive property of Kenaf (Hibiscus) fibrereinforced epoxy composites was investigated [83] . The specific wear rate (W s ) was found to be sensitive to the increasing applied loadand sliding distance. Moreover, it was observed that the ends of the fibres resisted the sliding and equally protected the resinous region from severe plastic deformation.
The tribological performance of bamboo (Phyiiostachys pubesceus) fibre-reinforced epoxy composite was studied [84] . It was revealed that the friction, wear and temperature characteristics of neat epoxy (NE) were greatly enhanced when reinforced with bamboo fibre. Moreover, these properties were sensitive to different sliding speeds, namely the tribilogical properties were increased along with the increasing in sliding speed.
Lin and coworkers [85] fabricated the bamboo fibre-reinforced brake composites and investigated their tribological performance under water lubrication. It was found that the average value of friction coefficient under water lubrication was reduced byabout 50% compared todry friction. Moreover, it was observed that in the wet rubbing process, ana-bsorbed water film was formed on the friction surface which reduced the adhesion in the interfaces.
Recently, Nimal and coworkers [86] studied the effect of abrasiveness to process equipment using betelnut (Areca catechu) and glass fibre-reinforced polyester composites. It was observed that the roughness of the stainless steel counterface was much higher when it was subjected to glass fibre-reinforced polyester (GFRP) composite as compared to treated betelnut/polyester (T-BERP) composite.
Pajpal and coworkers [87] investigated the tribological behaviors of sisal (Agave sisalana) fibre-reinforced polypropylene (PP) composites and sisal fibrereinforced PP composite (PP/S). They found that the trends of friction coefficient for the two different composites at increasing applied loads and sliding speeds were 'low-high-low' for PP and 'high-low-high' for PP/S composite, respectively. For different applied loads and sliding speeds, a generally decreasing trend of W s for PP/S was found. However, the values of W s for PP were increasingly rapidly at higher applied loads, but the W s for PP/S was still higher than that for PP. It was concluded that W s was more sensitive to various applied loads and less sensitive to different sliding speeds.
Recently, the friction properties of sisal fibre/nanosilica-reinforced phenol formal dehyde (PE) composites were investigated [88] . The results showed that the addition of nanosilica in PF resin can relieve the heat dissipation during sliding since the surface treatment of sisal fibres could improve the interface adhesion between the fibres and the resin matrix. Borax treated fibres exhibited the best heat resistance with aconsis-tent friction coefficient and low wear rates.
Moreover, 15 wt% of sisal fibres was the optimum value which showed superior wear resistance and amoderate friction property.
An experimental study on thedry adhesive sliding wear behavior of ceramic fillers with jute (Corchorus capsularlis) fibre-reinforced epoxy composites was conducted [89] . SiC and Al 2 O 3 were used as the ceramic fillers. The authors compared their findings to unfilled jute/epoxy composite and reported that the wear loss was reduced significantly when ceramic fillers was used, and the effect of wear loss at different sliding speeds was less sensitive against the applied loads. It was not the case for the unfilled composite. Besides, it was observed that the extent of wear damage was much higher for SiC filled composites than that for Al 2 O 3 filled composites.
Nasir and coworkers [90] investigated the tribological performance of epoxy resin impregnated (RIG) material composites and compared the findings of RIG to resin-reinforced honeycomb (RRH) composites. The gunny bag was made of jute (Corchorus capsularis) fibres. It was revealed that the values of W s were lower than that of RRH. The W s for RIG had an increasing linear trend at increasing sliding speeds, but for RRH, it was not the case. As for the effect of applied loads, RIG showed low W s values at higher applied loads, but for RRH, the W s values had an increasing trend at increasing applied loads.
The tribological behavior of naturally woven coconut sheath fibre-reinforced polymer composites was studied by Siva and coworkers [91] . It was found that the treated RP (0.15-Cof+0.32-Gf), 0.15 wt% of coconut sheath fibre+32 wt%of glass fibre/polyester sample showed the best wear resistance where the W s values were 100times lower as compared to the-treated 0.49 GfRP (0.49 wt% of glass fibre/polyester) sample. Moreover, the authors claimed that the concept of integrating natural fibres with synthetic fibres in the design of wear resistance polymer composite can enhance the wear performance of hybrid composites, and the latter showed alow friction coefficient and ahigh wear resistance throughout the sliding distance.
Recently, the effect of organically modified montmorillonite clay on thewear behavior of naturally woven coconut sheath/polyester composite was investigated [92] . It was reported that 2 wt% of organically modified montmorillonite filled with silane treated coconut sheath/polyester composite at different sliding speeds had the highest reduction in W s as compared to the untreated samples for the same type of composite.
Boopathi and coworkers [93] examined the influence of fibre length in the wear behavior of borassus fibre-reinforced epoxy composites. It was found that alkaline treated fibresenhanced the wear performance of the composite compared to the untreated samples, and a5mm length of alkaline treated fibres/epoxy exhibited superior tribological properties as compared to the rest.
Wind turbines and smart coatings
Wind power is one of the fastest growing of the renewable energy technologies. Global wind power plant capacity has increased fiftyfold in less than a few decades, from 6100 MW in 1996 to 318 137 MW in 2013 [94] .
In order to increase the lifetime of the tribological components (such as gears and bearings) of wind turbines, a metal treatment, BEWITIC nanocoating was developed [95] . This BEWITI technology can be applied to gearboxes and bearings during regular operation for restoration of theirefficiency and economy. The documented tests and evaluation of gearbox operation were reviewed for the REWIFIC technology. It was proved that this technology was validated for improvement of operation in wind turbine gears.
The properties of the lubricant used in wind turbine gearboxes are crucial to prevent the gears and bearings from micropitting and scuffing. Recently, Koschabek and Wincierz [96] presented a new esterfree formulating concept for wind turbine gear oils based on a hydroisomerised API group III base oil and a shear-stable poly alkyl methacrylate (PAMA) thickener. It was shownthat this new formulation had outstanding performance in micropitting bearingand scuffing tests respectively. It was concluded that the new formulation met the requirements for standard industrial gear oils as well as the specific requirements of componentOTMs and wind turbine manufacturers.
Nanoparticles implemented in coatings strongly influence the durability of a product. In order to characterisethe effect of nanoparticles in the coatings of wind turbine blades, the micro-mechanical and tribological properties of the wind turbine blades coated with nanoparticles were analyzed by Weinhold and coworkers [97] . Moreover, the influence of the nanoparticles on the coatings' properties and the optimization of friction and of durability under real conditions were evaluated. The results showed obvious differences between particle and dust-abrasion/deformation behavior in association with wind speeds and nanoscopic particle in the coatings. Moreover, the coating dependent icing-up behavior of the plates was scrutinized. Ice disks growing on wind turbine plates were subjected to enormous accelerations with throw distances up to 1 km.
Assenova and coworkers [98] investigated the possibilities ofminimizing the wear through friction coatings. Consideration was given to selective transfer phenomenon in friction pairs consisting of copper cooperating with steel in glycerol and to the creation of a self-formed layer serving to increase the lifetime of the friction unites [99] . The self-organization in the system of brass-glycerol-steel under selective transfer was observed. A surface-active substance was formed to prevent dislocation accumulation in surface layers. It was concluded that the film obtained, a designed or controllable coat with significant change of wear resistance, can be intentionally manipulated to influence its properties during deposition in friction.
6. Fundamentals 6.1. Elemental basics In order to achieve an exact understanding of green tribology during its infancy, the present author expounded the concepts, main objectives, basic task and mission, disciplinary features, and technological connotations (research contents/areas) of green tribology in precise terms and in general ways [100] . He regardedgreen tribology as a subdiscipline of tribology within the general concept of tribology, but which places more emphasis on the environmental and biological impacts. Hence, in a sense, it was considered that green tribology could be also defined as 'the science and technology of research on the tribological theories and technologies, and the practices related to a sustainable society and nature', and might be termed 'tribology for sustainability' or 'sustainable tribology'. Moreover, in thisarticle, a brief historical retrospective on the emergence of green tribology and the real situation of the defining process of the definition of green tribology, namely 'the science and technology of the tribological aspects of ecological balance and of environmental and biological impacts' [2] [3] [4] , were firstannounced. This classical definition has been quoted widely [5, 6, 101, 102] . Besides, five aspects of developing directions were pointed out.
Based on a personal reflection oftwo decades of tribological research into fossil fuel recovery and sustainable energy at sea, as well as recentoutline research into green tribology at Southampton (nCATS), Wood [101] illustrated seven distinctive principles of green tribology: (1) minimization of friction and wear; (2) natural and biodegradable lubrication; (3) use of sustainable chemistry and engineering; (4) biomimetic approaches; (5) surface texturing; (6) real-time monitoring; (7) sustainable energy applications. Particularly, he pointed out that some simple principles should be followed to allow new concepts to be revealed, such as environmentally friendly designs with adoptive surfaces, the use of biomimeticallyin-spired surfaces for low drag, low wear and antifouling, the use of abetter understanding of theinterface by developing modern monitoring and surface probe techniques and so on.
Assenova and coworkers [102] regarded the quality of life (QL) as a construct of resource affected QL, economicaffected QL, environment affected QL, technology affected QL and social QL. Following the reasoning in [103] and the sustainability index structure (figure 4), the authors focused their attention on the environmental QL. Based on their discussion of the interaction between system and environment, and their introduction of three main applications of green tribology, the green tribology tasks with relevance to the environmental QL were summarized. Moreover, some rules to be applied in accomplishing the goals of green tribology were presented.
Methodology
On the basis of examining the economic, environmental and social impact of three tribological case studies, namely micro-CHP (combined heat and power) systems, slipways andrecycled plastics, Tzanakis and coworkers [104] reported that although the studies were from different engineering fields (industrial engineering, marine engineering and plastics engineering) their final outcomes have a common denominator, the environment of sustainable development through sustainable design, durability and life quality. Moreover, the authors further pointed out that research highlighted the appreciation of sustainable thinking through the green tribology concept showing that viability can be achieved leading the world to more sustainable solutions.
Muller-Zermini and Goule [105] presented an environmental approach to environmentally friendly hydraulic fluid. They indicated that the facts of environmental law can be visualized with a sustainability pyramid ( figure 5) . Moreover, only a comprehensive lifecycle assessment can show to which category a product belongs.
Remaining useful life (RUL) is an important concept in decision-making for contingency mitigation. Assessment of RUL of critical components is an essential step before resurfacing. Resurfacing recommendations are normally made for components having RUL in the steady state [6] .
Medjaher and coworkers [106] presented the RUL estimation of critical components with application to bearings, which is based on their current health state and the future operation. The RUL estimationmainly used two approaches. The first approachis based on the utilization of thephysics of failure models ofde-gradation. The second approach is data-driven,based on the transformation of the data provided by the sensors into models that represent the behavior of the degradation [106] .
Concluding remarks and outlook
Many scientific and technological achievements in green tribology in the last three years show that green tribology was extensively investigated in the international tribological circle. However, faced with the severe challenge of global warming and the energy crisis, the important role of green tribology wasnot given full play as the application of these achievements to industry has not kept pace. Moreover, green tribology will also facea number of challenges ofother worldwide crucial problems in the future.
The nature of green tribology is sustainability and practicality. It means that its aims are to keep the sustainable development of the natural world and human society, and to construct a clean and compatible ecosystem.
Therefore, the first urgent task of the moment is to utilize the existing research results to solve those general tribological problems related to energy saving, environmental and human benefits, and to gain both the economic returns and social effect in much more industrial products and enterprises. Particularly, effort should be exerted to achieve a potential synergy of the existing knowledge, methods and techniques in various areas of green tribology by means of integration, coupling and coordinating effects, and then to apply this synergic result to realizing the maximumenergy conservation and emission reduction in the world of industryand the enterprises of communication and transportation.
Inface of certain complicated problems on a global scale, which often involvesavariedknowledge of many subjects, the second task is to break the barrier between different subjects or fields, and to form an optimal assembly or to build up a new scientific framework/system.It could create new thinking and develop new methods and technologies of green tribology.
Green tribology is a multidisciplinary subject, rather than a loose aggregate of several relatedareas. Hence, in order to promote the mutual complementation and permeation between different areas in green tribology, it is necessary to set up the framework/system of subject by using scientific principle and methods. In particular, developing feasible new indexes and quantitative approaches in the assessment of environmental and biological impacts, and the sustainability of green tribological products and techniques arethe top priority tasks.
Looking forwards to the future of green tribology, there is a vast world where much can be accomplished. However, the most pressing matter of the moment, to whichis attached great importance, is to transfer the existing research achievements to multitudinous industrial products and enterprises for the benefits of all. 
